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TITLE OF THE TNVHNrnON 

LOWFREQUENCYMODULATION SENSORS USINGNANOSECONDFLUOROPHORES 

This application was made with Government support under Grant No. RR-081 19 fiom 
the National Institutes of Health National Center for Research Resources. The federal 
government may have certain rights in this invention. 

BACKGROIiND OF THF. INVENTION 

Fluorescence is widely used in analytical and clinical chemistry (Schuhnan, 1993; 
Spichiger-Keller, 1998; Wolfbeis, 1991a; Wolfbeis, 1991b; Kunz, 1996; Lakowicz, 1994a; 
Thompson, 1997). In the past several years Ihere has been increasing interest in the use of tune- 
resolved fluorescence as an analytical tool, e.g., for non-invasive sensing (Szmacinski and 
Lakowicz, 1994a; Lippitsch et al., 1997; Lippitsch et al., 1988; Bambot et al., 1995; Spichiger- 
Keller, 1998; Fraser, 1997). The basic idea is to identify fluorophores or sensing schemes in 
which tiie decay time of the sample changes in response to the analyte, and to use the decay time 
to determine the analyte concenti:ation. Such lifetime-based sensing is most often perforaied 
using the phase-modulation method. The use of phase angles or decay times rather tiian 
intensities is advantageous because decay times are mostiy independent of the signal level and 
can be measured in turbid media and even through skm (Bambot et al., 1995; Szmacinski and 
Lakowicz, 1996). 

Most fluorophores used for sensing display decay times on the nanosecond timescale. 
It now appears possible to design low cost instruments for sensors with ns decay times. For 
instance, it is known that blue and UV Kght emitting diodes (LEDs) can be modulated to over 
1 00 MHz and used as the excitation source in phase-modulation fluorometiy (Sipior et al., 1 997; 
Sipior et al., 1996; Lakowicz et al., 1994a; Randers-Eichom et al., 1997). However, it may be 
useful to avoid the use of fiequencies near 100 MHz which are needed for ns decay time 
measurements, and thus use the simpler electtonics for lower frequencies. Also, a significant 
fraction of sensing fluorophores display changes in intensity witiiout changes in lifetime. 

What are the advantages of low frequency modulation sensing? It is now accepted that 
lifetime-based sensing can be preferable to intensity-based sensing because the lifetimes are 
mostly independent of changes in probe concentration and/or signal level. Modulation sensing 
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shows many of these advantages. The modulation will be independent of the total signal level. 
Hence, modulation sensing can be accurate even if the overall signal level changes due to flexing 
in fiber optics or changes in the positioning of the sample. However, it is necessary that the 
relative proportions of the short and long lifetime fluorophores remain the same. If the relative 
intensities change, in a manner independent of analyte concentration, then the modulation 
calibration curve will also change. Hence, the calibration curves for a modulation sensor will 
change if the sensing and reference fluorophore photobleach at different rates. 

An advantage of low frequency modulation sensing is the simple instrumentation. One 
can imagine simple hand-held instraments for modulation intensity measurements (Figure 1). 
It is now well known that light emitting diodes can be easily modulated at fiequencies up to 100 
MHz (Sipior et al., 1997; Sipior et al., 1996; Lakowicz et al., 1994a; Randers-Eichom et al., 
1997). Also, LEDs are available withm a range of output wavelengths, even down to the near 
UV at 390 nm (Sipior et al., 1997). LEDs consume Uttle power and can easily be driven by 
batteries. Hence, the modulation sensor could be a small device held near Ae skin. The long- 
lifetime complex can be part of the device, so none of the long-lifetime probe enters the sample 
or tissue. The high chemical and photochemical stability of the metal-ligand complexes suggests 
the signal from the long lifetime reference will be constant for long periods of time. Hence, such 
devices may prove valuable for quantitation of intrinsic and extrinsic fluorophores in tissues. 

Additionally, there has been considerable progress in the design and synthesis of long 
lifetime metal-ligand complexes. Ruflienium, osmium and rhraiium complexes have been 
reported (Lakowicz et al., 1995; Terpetschnig et al., 1997; Castellano et al., 1998). The rhenium 
complexes are particularly usefiil in that they display high quantum yields and lifetimes up to 3 
jis in oxygenated solution (Quo et al., 1998; Guo et al., 1997). 

And finally, the most important advantage of modulation sensing may be the expanded 
range of analytes. Any sensing fluorophore which changes mtensity can be used in this model. 
A change m probe lifetime is not needed. Hence, modulation sensing can be used with probes 
such as a sodium-binding benzofuran isophthalate (SBFI) and a potassium-binding benzofuran 
isojrfithalate (PBFI), which are poor wavelength-ratiometric probes for sodium and potassium. 

The possibility of non-invasive sensing is based on the low absorbance of tissue at red 
and near-infrared (NIR) wavelengths, and the increasing availability of long wavelength 
fluorophores (Lakowicz, 1994b; Matsuoka, 1-990; Leznoff and Lever, 1989). However, it is 
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difficult to perfonn intensity measurements in highly scattering media (Oelkrag, 1994), which 
has led to interest in the use of time-resolved fluorescence and lifetime-based sensing for non- 
invasive fluorometry (Szmacinski and Lakowicz, 1994a; Hutchinson et al., 1995; Szmacinski and 
Lakowicz, 1994b). It is now known that fluorescence lifetimes can be measured in the presence 
of extensive light scattering, and can even be measured through skin (Bambot et al., 1995). 

The publications and other materials used herein to illuminate the background of the 
invention or provide additional detaUs respecting the practice, are incorporated by reference, and 
for convenience are respectively grouped m the appended List of References. 

SUMMARY OF THF. TNVRlsmnN 

Described here is a new method which allows quantitative measurements of fluorescence 
intensity with simple instrumentation. The method is self-calihrating related to a reference 
fluorophore. The method can also be used m highly scattering media The measurement 
principle is based on observing the emission &om both the fluorophore of interest with a ns decay 
time and of a reference fluorophore which displays a much longer microsecond lifetime. The 
reference fluorophore is placed on raflier than in the sample to mimic a sensing device with the 
long lifetime reference held against the skin. The amplitude modulation of the emission is 
observed using the standard method of frequency-domain fluorometry. At an intermediate 
modulation frequency, the modulation is equivalent to the fractional intensity of the ns 
fluorophore. The method was tested in 0.5% intralipid, which is more highly scattering than 
skin. Quantitative intensity measurements were obtained for various concentrations of 
fluorescein in intralipid, and of the pH sensor 6-carboxy fluorescein. Low frequency modulation 
measurements provide a general method for quantitative measurements in the presence effectors 
which preclude direct intensity measurements, or ^plications which require simple internally 
referenced measurements. 



BRIEF DESCRIPTION OF THF. FTGITRF.S 

Figure 1 is a schematic of a portable modulation intensity sensor. 

Figure 2 shows emission spectra of fluorescein in 0.5% intralipid. Excitation at 488 imi. The 
30 dashed line shows the transmission curve of the emission filter. Emission for [Ru(bpy)3p* in the 
PVA fihn is re^nsible for the weak emission near 600 nm. 
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Figures 3A and 3B are schematics of sensors with a ns fluorophore and [Ru(bpy)3p*. 

Figure 4 shows emission spectra of the model sensor containing fluorescein in the internal 

aqueous phase and [Ru(bpy)3]2+ in an external PVA fihn. 

Figure 5 shows the frequency-domam mtensity decay of the fluorescein-[Ru(bpy)3]2+ model 
sensor. 

Figure 6 shows emission spectra of apH sensor based on a mixture of 6-carboxyfluorescem (6- 

CF) and [Ru(bpy)3]2^ 

Figure 7A shows the frequency response of the pH sensor and Figure 7B shows the low 

frequency modulation of the pH sensor. 

Figure 8 shows a calculation curve of the pH sensor. 

Figure 9 shows emission spectra of a modulated calcium sensor based on Fluo-3 and 
[Ru(bpy)3]2*. 

Figure 10 shows a modulation frequency response of the calcium sensor. 

Figure 1 1 shows phase angle frequency response of the calcium sensor. 

Figures 12A and 12B show phase and modulation calibration curves of the calcium sensor. 

Figures 1 3A and 13B show frequency-domam intensity decay of the intralipid sample containing 

fluorescein. The cuvette did not have the external [Ru(bpy)3]2*.pVA fihn. 

Figure 14 shows a frequency response of the fluorescein-IRu(bpy)3]2^-intraUpid sample shown 

in Figure 1 . 

Figure 15 shows low frequency modulation of the fluorescein-[Ru(bpy)3]-* intraUpid sample 
shown in Figure 2. 

Figure 16 shows modulation versus fluorescein concentration. 

Figure 17 shows emission spcctia. of 6-carboxy fluorescein m 0.5% intralipid. The experimental 
arrangement is similar to that shown in Figure 2, including the long-lifetime standard. 
Figures 18A and 18B show the frequency response of the 6-carboxy fluorescein-[Ru(bpy)3]2'^- 
intralipid sample shown in Figure 6. The bottom panel idiows the low frequency modulation on 
an expanded scale. 

Figure 19 shows modulation versus pH calibration curve for 6-CF in 0.5% intralipid. 
Figures 20A-L show representative fluorophores which are not sensitive to analytes. 
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DETAILED DRSCRIPTTON OF THE INVRNTTON 

Described here is a general method to perfonn sensing at low light modulation 
frequencies near 1 MHz using sensing fluorophores with ns lifetimes, without relying on a 
change in lifetime of the ns fluorophore. The basic idea is to use a mixture of the ns fluorophore 
with a fluorophore vMch displays a long lifetime near 1 iis. For such a mixture the modulation 
of the emission at intermediate frequencies becomes equivalent to the fraction of the total 
emission due to the short hfetime ns fluorophore. This occurs because the emission fiom the fis 
fluorophore is demodulated, and that of the ns fluorophore is near unity. This methods allows 
sensing based on modulation fiom about 1 to 10 MHz. Additionally, the ns sensing fluorophore 
does not need to display a change in lifetime. A simple change in intensity in response to the 
analyte is adequate for a low frequency modulation sensor. 

The feasibility of this sensing scheme was demonstrated to be practical in several 
systems. First, the method was validated using a simple mixture of ns and |is fluorophores. We 
then devised assays for pH, and calcium. We note that this method is generic, and can be applied 
to any analyte for vAadi an intensity-based sensor is available. 

Abbreviations used in this disclosure are: PVA - polyvinyl alcohol; bpy - 2,2'-bipyridyl; 
6-CF - 6-carboxyfluorescein; FD - frequency domain; BCECF is 2',7'-te(2-carboxyethyl)-5(and 
6)-carboxyfluorescein; [Ru(bpy)2(dcbpy)p is Bis(2,2'-bipyridine)(2,2'-bipyridine-4,4'- 
dicarboxylic acid)ruthenium(II); C. is carboxy; SNAFL is seminaphtofluorescein; and SNARF 
is seminaphtorhodafluor. 

The methods described herean allow measurement of many analytes. These include, but 
are not limited to, H^ pH, Na^ K\ U\ Mg^, Ca^ CI', HCO, ; CO,, O^, glucose, lactate, 
antigens and drugs. A large number of different fluorophores can be used as the sensing 
fluorophores and as the long liferime fluorophores. Analyte sensing fluorophores include, but 
are not lunited to, Quin-2, Fura-2, Indo-1 , Calcium Green, Calcium Orange, Calcium Crimson 
and Benzoxazine-crown which are useful as Ca^"^ probes; Mag-Quin-2, Magnesium Green, and 
Benzoxazine-crown as Mg^* probes; PBFI as a probe. Sodium Green as a Na^ probe, and 
SNAFL-1, C. SNAFL-1, C. SNAFL-2, C. SNARF-1, C. SNARF-2, C. SNARF-6, C. SNARF-X, 
BCECF, and Resorufm Acetate as pH probes. Probes for CI" include 6-methoxy-jV- 
ethylquinoKnium chloride; A'-(6-methoxyquinolyl)acetoethyl ester; 6-methoxy-iV- 
ethylquinolinium chloride; 6-me&oxy-iV-(3-trimethylammoniumpTopyl)quiaoKnium dibromide; 
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6-methoxy-A^-(3-tr!methylanmomumpiopyl)phena^ dibromide; and 6-methoxy-JV-(4- 

aininoaIkyl)quinolinium bromide hydrochloride. The above fluoiophores are described in 
Szmacinski and Lakowicz, 1994a. Other chloride probes mclude 6-methoxy-7V-(3- 
sulfopioxyl)quinolimum; A^-sulfopiopylacridinium; Ar,iV-dimethyl-9,9'-bisacridinium nitrate; N- 
methylacridinium-9-carboxamides; and iV^methylacridimum-9-me%icarboxylate. Additional 
probes usefbl for measuring pH include 8-hydroxypyrene-l,3,6-trisulfonate; [Ru(4,4'- 
diethylaminomethyl-2,2'-bipyridineX2,2'-bipyridine)2]-^; Oregon Green, DM-NERF and Cl- 
NERF. Additional fluorophores sensitive to Mg^* include Mag-Quin-1 ; Mag-Fura-2; Mag-Futa- 
5, Mag-Indo-1; Mag-Fura-Rsd; and Mg Orange. Additional fluorophores sensitive to Na* 
include sodium-binding benzoftnan isophthalate and sodium-binding benmfuian oxazole. 
Additional fluorophores sensitive to uiclude CD222. Additional fluorophores sensitive to 
Ca^ include Fura Red; BTC (coumarin benzothiazole-based indicator); Fluo-3; Rhod-2; Ca 
Gieen-2; Ca Gieen-SN; Ca Orangft-5N; Oregon Green - BAPTA-1, BAPTA-2 and BAPTA-5N. 
These additional analyte sensitive fluorophores are discussed in Lakowicz, 1999. 

Fluorophores which are not sensitive to the analyte being tested but are used in 
conjunction with the analyte sensitive fluorophores include, but are not limited to, the 
compounds shown in Figures 20A-L. 

In measuring analytes such as glucose, lactate, drugs or antigens, it is desirable to use a 
binding agent labeled with a fluorophore such that the bmding agent binds specifically to the 
analyte. For example, a glucose-binding protein, a glucose-galactose binding protein, or 
concanavalin A can be used m a method to measure glucose. A lactate binding protein can be 
used for measurement of lactate. Antibodies or antibody fiagments can be used to measure drugs 
or antigens. Other binding agents known to those of skill in the art can also be used. 

While the use of lifetime measurements solves many problems associated with non- 
invasive sensing, it is still desirable to develop methods which would allow quantitative intensity 
measurements through skin and m the presence of extensive scattering. Described here is a 
simple mefliod to measure fluorescence intmsities in scattaing media. Fluorescence is defined 
as meaning fluorescence, phosphorescence, luminescence or mixed-state emissions. This method 
is based on measurement of the modulation of the emission when the sample is excited with 
amplitude modulated light. In this method, the emission of the scattering sample is observed 
along with the emission of a long lifetime referraice fluorophore. The lefocence fluorophore need 
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not be vnMa Ihe sample, but can be on the sui&ce outside the sample. This geometry is useful 
for sensing devices in which the long lifetime reference is held against the skin. The light 
modulation and measurement jfrequency is chosen so that the emission jBx)m the long-lifetime 
reference is completely demodulated. Under these conditions, the intensity of the fiuorophore 
of interest with a ns decay time is given by the modulation of the total signal. This method can 
be applied to any sample which displays changes in intensity, or any sensing fiuorophore which 
shows intensity changes due to its response to an analyte of interest. One can imagine this 
method being used with a hand-held instrument for point-of-care transdermal measurements. 
The method can be performed on a variety of systems or samples, including in vivo, blood 
plasma, vAiole blood, saliva, any body fluid, tissue culture, a sample fix)m an aquarium, etc. 
Furthermore, the method may be used to monitor a bioprocessing reaction, industrially, in 
process control, as part of an analytical chemistry process, etc. The incident light can be 
produced by, but is not Ihnited to, a laser, a light emitting diode (LED) or an electroluminescent 
light source (ELL). 

Intensity decays were measured using the fiequency-domain method. This method and 
procedure for data analysis have been described in detail (Lakowicz and Gryczynski, 1991; 
Lakowicz, in press; Lakowicz et al., 1984; Gratton et al., 1984; Lakowicz and Gryczynski, 1991). 
In this method one measures the phase (<j)„) and modulation (m„) of the emission for various 
values of the light modulation fiequency (co, m radians/sec). A number of different models were 
used to analyze the FD data. Initially, the intensity decays were analyzed in terms of the multi- 
exponential model, 

I(t) =X) a.exp{-t/T.) jj^j 

where Ui are the pre-exponential fectors and T; the decay times. The fractional steady state 
intensity disassociated with each decay time is given by 



Generally, ^ttj and the J^f; are constrained to be equal to unity. 
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For the present disclosure, it is instructive to consider the theory for a sample which 
displays two widely different decay tunes, the short (Xg) and long (tJ decay times. For a 
mixture of fiuorophores the phase and modulation can be calculated using 

W„ = X) fi^i sin (3) 



" 5^ ™i COS <)>_. 



(4) 



where f; is the fractional intensity, (J); is the phase angle and ni; is the modulation of each 
fluorophore. The terms N„ and D„ are typicaUy referred to as the sin and cosine transforms of 
the intensity decays (Lakowicz et al., 1984; Ghatton et al., 1984). If each fluorophore displays 
a single exponential decay time t then 



(5) 



in^ = (1 +0)2 T^)-!'^ 

For a multi-exponential decay the phase and modulation at any given frequency <o are given by 
tan (p^ = N/D (7) 



In the present study the samples display two widely different decay times, which we will 
refer to as tiie short (x^ and long (tO decay times. In this case tiie vahies of N and D are given 
by 

^ = -^s sin * ""l sin <l>i (9) 
^s^s 05 + cos <|>^, (10) 

where we have dropped the subscript co referring to the light modulation frequency. The total 
fractional intensity is normalized fj + 4 = 1 .0. If the two lifetimes are very different one can 
identify uitermediate frequencies where the modulated emission of the short component is high 
and that of the long lifetime component is low. Suppose the sample is examined at an 
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intennediate modulation frequency such that the modulation of the short component is unity (ms 
= 1 .0) and the modulation of the long component is near zero (mL = 0.0). In this case 



Using equation 8, and recalling the sin^G + cos^ 6 = 1 .0, one obtams 

" = ^s- (13) 

This is a useful resuh which indicates that the modulation of the emission is the fractional 
intensity of the short lifetime component. Hence, one can use the modulation of the emission 
to measure the factional fluorescence mtensity of the short lifetime fluorophore. In the present 
disclosure the short lifetime fluorophores were selected to display changes in intensity in 
response to the analyte. The long lifetime fluorophore is [Ru(bpy)3]2\ and is not sensitive to 
changes in pH or calcium over the investigated concentration ranges. 

Measurements of nanosecond and subnanbsecond lifetimes in scattering media can be 
affected by the time-dependent migration of photons due to the multiple scattering events. This 
topic has been described in detail (Hutchinson et al., 1995; Szmacinski and Kakowicz, 1994b). 
When a pulse of light enters tiie scattering media, the diffusely scattered light is delayed in time 
and the pulse is broadened. These effects can be described phenomenologically m terms of a 
time delay (tj, a decay tune for the light in tiie tissues (to) and a term describing tiie pulse 
broadening (At) (Szmacinski and Lakowicz, 1 994b). For a fluorophore which displays a lifetime 
r tiie phase and modulation measurement m scattering media is give by (Szmacmski and 
Lakowicz, 1994b), 

(j>^« = arctan(G) t) + arctaii(a)tD) + (14) 
= (1 + io^y^l + o) V)-'''^, (15) 

v(iiere 
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Examination of Eqs. 14 and 1 5 indicate that the effects of the lifetime (x) and the photon decay 
time (tp) are similar. Fortunately, Ihe values of the decay time Xq are modest for all but the 
shortest lifetimes. For instance, the value of 1^, for a position 4 mm deep in the 1% intialipid is 
about 140 ps (Szmadnski and Lakowicz, 1994b). Hence, for lifetimes 1 ns and longer, use of 
the values of <|)^„ and m^„ provides a good approximation {x^ to the true lifetime (t) 

4)^^ = arctan(G) T^pp) + (17) 
m^ = (l+«2T^2)-i/2^,, (18) 

Some of the data were analyzed in tems of this model. Hence, we can expect an ^jpaient 
lifetime for a fiuorophore in scattering media to be 0.1 to 0.2 ns longer than in the absraice of 
light scatter. We note the difference between Ihe true and apparent lifetune depends on the 
method used to measure the phase and modulation of the excitation light. Importantly, the 
effects due to time-dependent photon migration occur mostiy on the subnanosecond timescale 
and at frequencies above 1 00 MHz. Hence, it is not necessary to consider these effects for the 
low-frequency modulation measurements. 

The parameters describing the intensity decays were obtained by fion-linear least squares 
and minimization of Xr^. 



u o • 5(0 (19) 



In this ejq)ression, the subscript c indicates calculated values for assumed parameter values. The 
terms 6^ and 6m are the uncertainties in the phase and modulation data, respectively, and u is 
the nxanber of degrees of freedom. For the present measurements, we used 6<j) = 0.3° and 6m 
= 0.007. 

The present invention is further detailed in the following Examples, which are offered by 
way of illustration and are not intended to limit the invention in any manner. Standard 
tediniques well knovm in the art or the techniques specifically described below are utilized. 
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EXAMPT.F. 1 
MATERIALvS AND MFTHODS 

The foUowBig reagent grade chemicals were obtained fixjm commercial sources and used 
as received: Ru0w),Cl26H2O (Aldrich), 6-carboxyfluorescein (6-CF) (Eastman/Kodak), Fluo-3 
pentapotassium salt (Molecular Probes), calcium calibration buffer kit #2 (C-3009, Molecular 
Probes), and TRIS (Sigma). Disodium fluorescein was from Exciton, Inc. Intralipid (20%) was 
obtained from Kabi Vitrum, Inc. and diluted 40-fold to 0.5%. Water was deionized with a Milli- 
Q purification system. Solutions rangiag from pH 5.0 to 9. 1 were prepared in 50 mM TRIS 
buffer for the 6-carboxyfluorescein studies. Experiments using the Ca-* indicator FIuo-3 were 
performed solely in plastic media to prevent uptake of Ca^ from glass surfeces. All solutions 
were prepared m plastic vials from the calcium calibration buffer. Luminescence measurements 
were performed in polystyrene plastic cuvettes. In one experiment Ru(bpy)3Cl2 was in a 
polyvinyl alcohol fihn on the outside of the cuvette. In all other studies a small aliquot of 
aqueous Ru(bpy)3Cl2 6H2O was added to solutions containing the nanosecond fluorophore (6- 
carboxyfluorescein or Fluo-3) with analyte. We used these two different configurations to 
demonstrate the versatility of this approach to sensing. Typically, the steady-state emission 
intensity of Ru(bpy)3Cl2-6H20 contributed about 20-30% of the total sample intensity at the 
highest pH (6-carboxyfluorescein) or at the highest Car* concentration (Fluo-3). All samples 
were optically dilute (< 0. 1 OD) at 488 nm. 

Experiments were performed usmg the geometry shown as an insert in Figure 2. The 
intralipid sample was contained in a 2 mm x 10 min cuvette, with the 488 nm excitation incident 
on the wider 10 nm surface. This surfece of the cuvette was covered with a film of polyvinyl 
alcohol (PVA) which contained the long-lifetime fluorophore Ru(bpy)3Cl2. The emission was 
observed from the 2 mm side through a filter vAdch transmitted part of the fluorescein emission 
and most of the [Ru(bpy)3]^ emission. The trananission curve of this filter is shown as a dashed 
line m Figure 2. 

EXAMPLE 2 
INSTRUMENTATION 
UV-Vis absorption spectra were measured on a Hewlett Packard 8453 diode array 
spectrophotometer with ± 1 imi resolution. Uncorrected steady-state emission spectra were 
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obtained on a SLM AB-2 fluorimeter under magic angle polarization conditions. Time-resolved 
luminescence decays were measured in the frequency domain (ISS, Koala) using an air cooled 
cw-Ar* laser (Omnichrome, 543-AP) operating at 488.0 nm (80 mW) as the excitation source. 
The 488 nm output was amplitude modulated using an electro-optic modulator, which provided 
modulated excitation from 300 kHz to 150 MHz. This frequency-domain instrument was 
comparable to those described previously (Gratton and Limkeman, 1983; Lakowicz and Maliwal, 
1985). 

The laser was passed through a Pockels cell which provided modulated light from 300 
kHz to 150 MHz. Two different PTS frequency synthesizers (PTS-500) were used to modulate 
the Pockels cell and detection system. Hie output of the PTS synthesizer driving the Poctels cell 
was amplified by an ENI 25 W linear RF amplifier (325 LA, 250 kHz - 150 MHz) prior to 
Pockels cell input. The other PTS synthesizer output was directed into an ENI 3W linear RF 
amplifier (403 LA, 150 kHz-300 MHz) for proper modulation of the detection system. The 
emission was observed as usual at 90° to the excitation through an appropriate combination of 
long-pass filters which eliminated scattered light at the excitation wavelength. We used this 
experimental configuration because it was available in this laboratory. In the actual use of 
modulation sensing we e?qpect the light source will be an intensity modulated LED or some other 
solid state light source. 

The intensity decays were analyzed in terms of the multi-exponential model, 

lit) = X) «i exp(-t/xp jj^j 

where a-, are the pre-exponential fiictors and r, the decay times. The fractional steady state 
intensity dissociated with each decay time is given by 



(2) 



Generally, and the ^fj are constrained to be equal to unity. Rhodamine B in water with a 
lifetime of 1.68 ns was used as a lifetime reference in the frequency-domain experiments 
(Gryczynski et al., 1997). Luminescence decays were analyzed by non-linear least squares 
procedures described previously (Lakowicz et al., 1984; Gratton et al., 1984). Global analysis 
of frequency-domain emission decay data was performed with programs developed at the Center 
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for Fluorescence Spectroscopy. In the global analysis, the lifetimes were the global parameters 
and the amplitudes were fitted as non-global parameters. This means that the lifetunes were 
fitted parameters, but were constrained to be the same values at all analyte concentrations or all 
pH values for 6-CF. The amplitudes were also fitted parameters, but were allowed to vary at 
each analyte concentration or pH value. 



EXAMPTP. ^ 

MODEL SENSORS WITH VARYTNG FLUORFSrF.nsT CONCRNTR AJ irSN 
To test the principal of modulation sensing we performed fiequency domain 
measurements for a sample which displayed emission firom both [Ru(bpy)3]2* and fluorescein. 
In this case the two fluorophores were physically separated, which is a usefiil configuration if the 
sensing fluotophore can interact with the reference fluorophore. The long lifetime fluorophore 
[Ru(bpy)3]2* was dissolved in melted polyvinyl alcohol (PVA) which was painted on the outer 
surfece of flie cuvette (Figure 3A). Aqueous solutions of fluorescein were placed within the 
cuvette. This model assay was excited at 488 nm with an argon ion laser. Emission spectra of 
this sample are shown in Figure 4. The fluorescein dominates the emission spectra with a 
maximum near 5 1 0 nm. The emission horn [Ru(bpy)3p'^ occurs at longer wavelengths with an 
emission maxima near 590 nm. 

For FD measurements the emission was observed through a Coming 3-72 filter, which 
transmitted the emission from both 6-CF and [Ru(bpy)3]2* (Figure 4). The relative proportion 
of the two emissions were varied by dUution of the fluorescein within the cuvette (Figure 4). The 
concentration and emission intensity of [Ru(bpy)3]^ remained the same as the fluorescein was 
diluted. 

Figure 5 shows the fiequency-domain intensity decays of this model assay. The emission 
is akeady demodulated below 1 .0 for the lowest measurement fiequency near 1 .8 MHz. This 
effect is due to the long decay time of [Ru(bpy)3]^ in PVA. In separate measurements the decay 
time of [Ru(bpy)3]-^ in PVA was found to be 1 1 80 ns. The modulation is nearly constant from 
2 to 8 MHz. This occurs because the modulation of piuO^py),]-^ is near zero, and that of 
fluorescein with a lifetime of 2.85 ns is near 1.0. In this low frequency range the modulation is 
expected to represent tihe fractional steady state intensity of the short lifetime emission (eq. 13). 
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Comparison of Figures 4 and 5 shows that the modulation values at intennediate fiequencies are 
approximately equal to the intensity of fluoiesceui relative to that of [Ru(bpy)3]2*. 

EXAMPLE 4 

5 LOW FREQUENCY MODin.ATION pH SENSOR 

We use the concept described above to create a pH assay based on the modulation at the 
intennediate frequencies. As a pH-sensitive fluorophore we selected 6-carboxyfluorescein (6- 
CF). Fluorescein and its derivatives have been widely used for pH sensing (Thomas et al., 1979; 
Babcock, 1983; Klonis et al., 1998). Fluorescein and its derivatives display a pH-dependent 
10 dissociation of the carboxyl group. The ionized fonn which exists at pH values above 7.5 is 
highly fluorescent, and the protonated low pH form is essentially non-fluoiescent. For this 
reason fluorescein is not known to display a change in lifetime when this dissociation reaction 
occurs. 

For the modulation pH assay the 6-CF and [Ru(bpy)3]2* were both dissolved in the 
15 aqueous phase (Figure 3B). We did not use the external PVA fihn. Bmdssion spectra of this 
mixture shows that the 6-CF emission is strongly affected by pH, wiiile the intensity of the long 
lifetime [Ru(bpy)3]^* is essentially the same at all pH values (Figure 6). The emission filter was 
selected to transmit all the [Ru(bpy)3]^* emission and part of the 6-CF emission. In this way one 
can modify the fiactional intensity from each fluorophore without changing the actual 
20 concentrations. 

Frequency-domain intensity decay data for the mixture of 6-CF and [Ru(bpy)3]^ are 
shown in Figure 7A. As expected based on the lifetimes of 6-CF (4.07 ns) and [Ru(bpy)3]^ (370 
ns) there is a region of constant modulation from 2 to 10 MHz. In this region the modulation of 
the emission increases due to the higher intensity of 6-CF at high pH. The frequency data were 
25 analyzed using the multi-exponential model (eq. 1). At all pH values the fi^quency responses 
could be fit to two decay times of 4.0 and 370 ns, as can be seen from the global analysis in Table 
I. As the pH value increases the fractional steady state intensity of the short component (f;) also 
increases. For mixtures with such different lifetimes it is preferable to use the fj values, rather 
than the pre-exponential factors. The value of a, is over 0.98 at all pH values. 

30 
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Table I 

Global Double-Exponential Analysis of the Intensity Decays of pH Sensor 



pH 


TiCns) T2(ns) 


a, 


aj 


fi 


f2 


Xr 


9.1 


4.07 369.8 


0.994 


0.006 


0.627 


0.373 


2.4 


7.2 




0.992 


0.008 


0.583 


0.417 




6.5 




0.988 


0.012 


0.474 


0.526 




6.4 




0.987 


0.013 


0.459 


0.541 




5.0 




0.980 


0.020 


0.347 


0.653 





For clinical applications the pH values are typically accurate Id ± 0.02 or better (Mahutte 
et al., 1994a; Mahutte et al., 1994b; Shapiro etal., 1993; Mahutte, 1994). Hie present sensor was 
found to be sensitive to changes m pH of ± 0.1. as can be seen in the modulation data on an 
expanded scale (Figure 7B). For instance, pH values of 6.4 and 6.5 are easily distinguishable. 
Such data can be used to prepare a caUbration curve for pH based on the modulation at 3.7 MHz 
(Figure 5). Modulation measurements are readily accurate to ± 0.007, which results in a pH 
accuracy of ± 0.1 (Figure 8). These results were obtained without optimizing the assay based on 
the relative intensities of the two species, and the overall change in intensity of the pH-sensitive 
fluorophore. Inclusion of measurements of the phase angle and modulation at more than one 
frequency will improve the pH accuracy. 

EXAMPLE 5 
A MODULATION SRNSOR FOR CALCTTTM 
Calcium is known to be an mtracellular messenger. Measurements of calcium 
concentrations have been the subject of numerous publications (Nuccitelli, 1994; Grynkiewicz 
et al., 1985). Calcium can be measured using intensity-ratiometric probes (Tsien et al., 1985; 
Kao, 1994; Tsien, 1989; Akkayaand Lakowicz, 1993) or using lifetime-based sensing (Lakowicz 
etal., 1992a; Hirschfield etal., 1993; Miyoshi etal., 1991; Lakowicz etal., 1992b; Lakowicz and 
Szmacinski, 1992). However, some calcium probes do not display spectral shifts upon binding 
calcium, and some probes do not display charges in lifetime. One such calcium piobe is Fluo-3, 
which is highly fluorescent in the presence of bound calcium, but essentially non-fluorescent in 
Ihe absence of calcium. Because the calcium-free probe does not fluoresce, the emission is due 
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to only tbe calcium-bound form. For this reason only the calcium-bound form of Fluo-3 
contributes to the lifetime, and thus Fluo-3 displays the same lifetime at all calcium 
concentrations. 

While Fluo-3 cannot be used as wavelength-ratiometric or lifetime sensor for calcium, 
5 it can be used in our method of modulation sensing. This is shown in Figure 9. In this assay 
both Fluo-3 and [Ru(bpy)3]^'^ were contained within the cuvette. The emission of Fluo-3 at 510 
nm increases dramatically in die presence of Ca-^ The emission intensity of [Ru(bpy)3]2'^ is not 
sensitive to calcium and is the same at all calcium concentrations. The fiequency-dependent 
modulation of the Fluo-3 [Ru-(bpy)3p* mixture are shown in Figure 10. As the calcium 

10 concentration increases so does the modulation fiom 2 to 30 MHz. We also examined the 
fiequency-dependent phase angles (Figure 1 1). The phase angles show a maximum near 1 MHz. 
The largest values near 1 MHz are seen in the absence of calcium, where the emission is 
dominated by the long lifetime Ru complex. As the calcium concentration increases the phase 
angles decrease to smaller values as the emission becomes dominated by the shorter lived 

1 5 emission fiom Fluo-3 . 

The modulation and phase angle frequency responses (Figures 10 and 11) were analyzed 
in terms of the multi-exponential model (eq. 1). Two decay times were needed to account for the 
emission from FIuo-3, 0.72 and 1.89 ns (Table U). The data at all calcium concentrations could 
be globally fit to the same three decay times, with the fiactional intensities dependent on the 

20 calcium concentration. 

TTie data in Figures 10 and 11 were used to prepare calibration curves for calcium 
(Figures 12A and 12B). The modulation values 12.7 MHz show an apparent calcium 
dissociation constant (Kq) for Fluo-3 near 100 nM, v*ich is lower than but comparable to the 
known dissociation constant near 400 mM (Minta et al., 1989; JCao et al., 1989; Harkins et al., 

25 1993). Precise agreement between the thermodynamic value, and the appai^ value fi«m 
time-resolved data is not expected. Depending on the nature of the time-resolved measurements 
the apparent values can be larger or smaller than the true value (Szmacinski and 
Lakowicz, 1994a). 
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Table II 

Global Intensity Decay Analysis of the FIuo-3 [Ru(bpy)3 ] Calcium Sensor' Intensity Decay 



5 



10 





T, = 0.72 ns 


X2 = 1.89 ns 


359.8 ns 




\}Xliyl ) 


tti 


fi 










xi 


Car^ Saturated 


0.733 


0.415 


0.266 


0.397 


0.001 


0.188 


2.2 


1.38 


0.857 


0.531 


0.143 


0.233 


0.001 


0.235 




0.602 


0.859 


0.498 


0.140 


0.215 


0.001 


0.287 




0.225 


0.875 


0.392 


0.123 


0.145 


0.002 


0.463 




0.100 


0.860 


0.302 


0.137 


0.126 


0.003 


0.572 




0.038 


0.861 


0.171 


0.132 


0.069 


0.007 


0.760 




0.019 


0.879 


0.113 


0.108 


0.036 


0.013 


0.851 




0 


0.692 


0.020 


0.240 


0.018 


0.068 


0.962 





' In a calcium saturated solution, without [RuCbpy)^]^ Fluo-3 displayed a double exponential 
intensity decay with t, = 0.78 ns, T2 = 1.92 ns, a, = 0.768, = 0.232, f, = 0.575 and = 0.425, 
Xr = 0.9. The Xr value for the single decay time fit for Fluo-3 alone was 182. In water 
[R"(l>py)j]^ displayed a single exponential decay of 370 ns. 



The low frequency phase data were also used to prepare a calcium calibration curve 
(Figure 12B). In this case the phase angles are sensitive to lower concentrations of calcium, with 
an apparent Kq near 40 nM. This suggests the combmed use of both the phase and modulation 
data to allow measurement of calcium over an extended range of concentrations, or to provide 
increased accuracy over a critical range of concentrations. 



EXAMPLF.6 

FLUO RESCHTN CONCENTRATTONS IN TNTR AT.TPin 
Quantitative intensity measurements in scattraing media were tested using various 
concentiBtions of fluorescein in intralipid. Emission spectra are shown in Figure 2. The 
maximum fluorescein concentration is 12 jmi. The emission from this concentration of 
fluorescein can be easily seen even in 0.5% intralipid. As the fluorescein concentration is 
decreased, the intensity at 520 nm decreases. All the emission spectra shown in Figure 2 were 
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collected with the external PVA fihn containing [Ru(bpy)3p% which served as the reference 
fluorophore. The emission of [Ru(bpy)3]2* occurs near 600 nm, and is visible on the long 
wavelength side of the fluorescein emission. 

We examined the frequency response of fluorescein in 0.5% intralipid, without the long- 
lifetime reference (Figures 13A and 13B). The data could be fit reasonably weU to a single decay 
time of 4.22 ns, but with a somewhat elevated value of Xr' = 4.7. The fit was improved using 
the models which included the effects of time-dependent photon migration (Eqs. 14-1 8). Use of 
this model resulted in a decrease of to 1.2. WhUe the differences between the two fits m 
Figures 13A and 13B is not dramatic, our experience with the frequency domain measurements 
allows us to accept the model resulting in Xr- = 1 .2. Importantly, the effects due to the scattering 
media are only significant at fiequencies above 1 00 MHz. Hence, these effects can be neglected 
in the low-fiequency modulation measurements which can be performed near 2 MHz. 

We next used the configuration shown in Figure 2 to test the concept of using the 
modulation to measure the intensity. Figure 14 shows fi^quency-domain measurements of the 
emission due to both fluorescein in intralipid and the long-lifetime reference. These data were 
analyzed globally using equations 14-18 (Table UI). The long-lifetune of 1575 ns is essentially 
equivalent to that observed for [Ru(bpy)3]2" alone in the PVA fihn. The lifetime of 3.89 ns is 
assigned to fluorescein. The modulation data over the range of firequendes is shown on an 
expanded scale in Figure 1 5. One notices a region from 0.3 to 8 MHz over \vinch the modulation 
is nearly independent of the light modulation fiequency. 

The modulation data at 1.8 MHz were used to prepare a calibration curve for the 
fhiorescein concentration (Figure 16). This curve suggests that the intensity measurements can 
be rather accurate. Using the concentration range from 0 to 6 |liM, an uncertainly m die 
modulation of +/- 0.007 results in a fluorescein concentration uncertainty of +/- 0. 1 txM. Hence, 
the intensity can be accurate to about one part in sbrty, which is probably adequate for most 
clinical applications. 
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Table m 

Global Intensity Decay Analysis of Fluorescein 
in 0.5% Intralipid - [Ru(byp)3]2* Doped PVA Film System 



Concentration 
(jim) 


T, = 3.89 ns 


T, = 1575 


ns 


1 


(ns) 


Xr 


a, 


u 






1 (ns) 


12 


0.9996 


0.871 


0.0004 


0.129 


0.60 


0.03 


2.1 


6 


0.9994 


0.792 


0.0006 


0.208 








3 


0.9998 


0.668 


0.0012 


0.332 








1.5 


0.9970 


0.449 


0.0030 


0.551 








0.75 


0.9950 


0.338 


0.0050 


0.662 









Examination of Figure 16 reveals the modulation does not decrease linearly as the 
fluorescem concentration is decreased. This effect can be understood by noting that the 
modulation is approximately equal to the fractional intensity of the short component. 



One has to recall that the total intensity in a FD measurement is always normalized to unity, fg 
+ ft = 1.0. A simple calculation reveals the origin of the non-linear dependence of the 
modulation on the total intensity. Suppose the initial intensity of the short component is fg = 0.9, 
and that 4 = 0. 1 , resulting in a modulation of 0.9. Now suppose the intensity of the fluorescem 
emission is decreased two-fold. This can be sunulated by setting fj = 0.45 and = 0.1, these 
values being appropriate prior to normalization. Hence, the two-fold decrease m fluorescem 
intensity results in a modulation near 0.81 , consistent with the data in Figure 16. 

EXAMPLE? 
dH SEMSTNG TN TNTRALTPm 
Another use of modulation sensmg is for measurement of the intensity of a sensing 
fluorophore in tissues or through skin. This was examined using 6-carboxy fluorescein. 
Fluorescein and its derivatives are well known to display intensities which depend on pH and 
dissociation of the carboxyl group (Thomas et al., 1979; Babcock, 1983; Klonis et al., 1998). 



wo 00/14515 PCT/US99a0370 
20 

The ionized form which exists at pH values above 7.5 is highly fluorescent, and the protonated 
low pH form is essentially non-fluorescent. 

To test pH sensing in scattering media, 6-CF was diluted in 0.5% intralipid, and the long- 
lifetime reference was again on the outer sur&ce of the cuvette. The emission spectra shows that 
the mtensity of 6-CF decreases as the pH decreases (Figure 17). The emission &om |Ru(bpy)3]2* 
in PVA fihn is centered near 600 nm and its intensity is independent of pH. The frequency 
responses for this pH sensor (Figures 18A and 18B) show that the modulation from 0.5 to 8 MHz 
is dependent on the pH of the intralipid solution. These modulation data were used to create a 
calibration curve for pH (Figure 19). For this particular sensor, modulation values accurate to 
+/- 0.007 result in an accuracy of +/- 0.1 pH units. For clinical applications, pH values are 
typically accurate to +/- 0.02 (Sh^iro et al., 1993; Mahutte et al., 1994a; Mahutte, 1994). 
Optimization of the method will improve the accuracy of the method for such clinical 
applications. 



Table IV 

Global Intensity Decay Analysis of pH Sensor in 0.5% Intralipid 



pH 


T, = 3.79 ns 


T2= 1949 ns 


At 


to 








u 


a2 


U 


(ns) 


(ns) 




9.1 


0.9996 


0.827 


0.0004 


0.173 


0.55 


0.04 


5.4 


7.2 


0.9995 


0.788 


0.0005 


0.212 








6.5 


0.9993 


0.735 


0.0007 


0.265 








5.0 


0.9990 


0.602 


0.0010 


0.398 









While the invention has been disclosed in this patent application by reference to the 
details of preferred embodiments of the invention, it is to be understood that the disclosure is 
intended m an illustrative rather than in a limiting sense, as it is contemplated that modifications 
will readily occur to those skilled m the art, witiiin the spirit of tiie invention and the scope of the 
appended claims. 
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WHATISCLATMRDTS: 

1 . A method of measuring a concentration of an analyte in a sample, wherein said method 
comprises: 

a) irradiating said sample with modulated incident light wherein said sample comprises 
5 a first fluorophore which absorbs a portion of said incident light and then emits emitted 

light, wherein the portion of said incident light absorbed by said first fiuoiophore is 
sensitive to the concentration of the analyte in the sample; 

b) allowing said emitted light to irradiate a second fiuoiophore; 

c) measuring light emitted from said sample; 

10 d) determining the phase angle or modulation of said light emitted from said sanq>le; and 

e) correlating said phase angle or modidation to said concentration of said analyte. 

2. The method of claim 1 wherein said modulated light is modulated at a fiequency between 
10 KHz and 100 MHz. 

15 

3 . The method of claim I wherein said modulated light is modulated at a fiequency between 
50 KHz and 10 MHz. 

4. The method of claim 1 wherein said modulated light is modulated at a fiequency between 
20 IMHzandlOMHz. 

5. The metiiod of claim 1 whradn said first fluorophore is a naturally occurring component 
of said sample. 

25 6. The method ofclaiml wherein said first fluorophore is added to said sample. 

7. The method of claim 1 wherein said first fluorophore has a decay time on a nanosecond 
timescale. 



30 8. 



The method of claim 1 wherein said second fluorophore has a decay time on a 
microsecond timescale. 
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The method of claim 1 wherein said second fluorophore is a naturally occurring 
component in said sample. 

The method of claun 1 wherein said second fluorophore is added to said sample. 

The method of claim 1 vtoein said second fluorophore is separate fiom said sample. 

The method of claim 1 wherein a probe fiar measuring said light emitted fiom said sample 
comprises said second fluorophore. 

The method of claim 1 wherein said second fluorophore is on a container containing said 
sample. 

The method of claim 1 vf^ierein said analyte is in vivo, blood plasma, whole blood, saliva 
or body fluid. 

The method of claim 14 wherein said second fluorophore is placed onto the outside of 
an organism comprising said analyte. 

The method of claim 1 wherein said analyte is selected &om the group consisting of H*, 
pH, Na*, K*, U\ Mg^, Ca^ CI", UCO{, CO2. 02, glucose, lactate, an antigen and a drug. 

The method of claim 1 wherein said first fluorophore is selected fix)m the group 
consistii^ of Quin-2, Furar2, Indo-1, Calcium Green, Calcium Orange, Calcium 
Crimson, Benzoxazine-crown, Mag-Quin-2, Magnesium Green, Benzoxazine-crown, 
PBFl, Sodium Green, SNAFL-1, C. SNAFL-1 , C. SNAFL-2, C. SNARF-1, C. SNARF-2, 
C. SNARF-6, C. SNARF-X, BCBCF, Resorufin Acetate, 6-methoxy-jV-ethylquinolinium 
chloride, //-(6-methoxyquinolyl)acetoethyl ester, 6-raethoxy-A/^ethylquinolinium 
chloride, 6-methoxy-Af^3-trifflethylammoniumpropyl)quinolinium dibromide, 6- 
methoxy-J\r-(3-trunethylammQmumpropyl^haianithrindiumdibroinide,6-^ 
aminoalkyl)q«inolinium bromide hydrochloride, 6-methoxy-iV-(3- 
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sulfoproxyOqumoIinium, iV-sulfopropylacridinium, ^^-dimethyl-9,9'-bisacridinium 
nitrate, iV^Inethylacridmillm-9■^arboxa^mdes, iV-mettiylacridinitBn-9-methylcarboxylate, 
8-hydroxypyrene-l,3,6-trisulfonate, piu(4,Metbylaminomethyl-2,2'-bipyridme)(2,2'- 
bipyTi(iine)2]2"; Oregon Green, DM-NERF, Cl-NERF, Mag-Quin-1, Mag-Fura-2, Mag- 
5 Fura-5, Mag-Indo-1, Mag-Fura-Red, Mg Orange, sodium-binding benzofiiran 

isophthalate, sodiimi-binding benzofiiran oxazole, CD222, Fura Red, BTC (coumaiin 
benzothiazole-based indicator), Fluo-3, Rhod-2, Ca Green-2, Ca Green-5N, Ca Orange- 
5N, Oregon Green - BAPTA-1, BAPTA-2 and BAPTA-5N. 

10 18. The metbod of claim 1 wherein said second fluorophore is a compound selected fiom the 
compounds shown in Figures 20A tiirough 20L. 

19. The method of claim 1 fiirther comprising inserting a filter between said light emitted 
froni said sample and a detector wherein flie percentage of light emitted fixim said first 

15 fluorophore v^ch is absorbed by said filter is different than the percentage of light 

emitted fixjm said second fluorophore which is absorbed by said filter. 

20. The method of claim 19 wherein the percentage of light emitted fi-om said first 
fluorophore which is absorbed by said filter is greater than the percentage of light emitted 

20 firom said second fluorophore which is absorbed by said filter. 

2 1 . The me&od of claim 1 9 vitoein multiple measuremrarts are made wherein measurements 
are made i) with different filters or ii) with one or more filters and with no filter. 

25 22. The metiiod of claim 1 wherein measuring is performed at more Aan one frequency. 

23. The method of claim 1 wherein said sample comprises a light scattering medium. 



24. 

30 

25. 



The method of claim 23 wherein said light scattering medium is skin. 
The method of claim 1 wherein said method is used clinically. 
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26. The method of claim 16, wherein said analyte is glucose, further wherein said second 
fluorophore is a glucose-sensitive fluorophore or a glucose-binding protein. 

27. The method of claim 26 wherein said glucose-binding protein is a glucose-galactose 
5 binding protein or concanavalin A. 



28. The method of claim 27 wherein said glucose-galactose bindmg protein or concanavalin 
A is labeled with a fluorophore. 

29. The method of claim 16 wherein said analyte is an antigen or a drug, fiiriher wherem said 
second fluorophore is an antibody labeled with a fluorescent compound or said second 
fluorophore is an antibody fiagment labeled with a fluorescent compound. 

30. The method of claim 16 wherein said analyte is lactate, further wherein said second 
fluorophore is a lactate-spedfic fluorophore or a lactate binding protem labeled with a 
fluorescent compound. 



31. The method of claim 1 whacein said incident light is produced by a laser, a light emitting 
(Kode (LED) or an electroluminescent light source (ELL). 

20 

32. The mefliod of claim 1 wherein said sample is ftom a tissue culture or an aquarium. 

33. The method of daim 1 \rfierein said method is used to monitor a hioprocessing reaction. 
25 34. The metiiod of claim 1 wherein said method is used as a part of an analytical chemistry 



35. The method of claim 1 wherein said method is used industrially or in process control. 



30 36. 



The method of claim 1 wherein said first fluorophore is said analyte. 
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